Abstract-This paper takes the rapid development of a threephase grid-forming micro-source inverter as the research purpose. Sliding mode control (SMC) and PI control strategies are adopted synthetically to implement the dual closed-loop controller. Firstly, Simulink model is built according to the actual inverter development condition. Simulation results demonstrate the effectiveness of the proposed algorithm. And then, the control codes are generated automatically based on the model design method. With the generated controller codes, it realizes the rapid development of a proposed GFI inverter. The hardware experiments are presented in the paper to demonstrate that the developed grid-forming micro-source inverter performs good robustness property under different load conditions and parameter uncertainty scenario.
INTRODUCTION
When a microgrid operates at the island mode, a threephase micro-source inverter named as grid-forming inverter (GFI) is widely employed to setup ac system voltage and frequency. The ac system voltage can be directly controlled by regulating the output voltage of GFI. Generally, the voltage and current dual closed-loop control structure has been widely used and concerned [1] [2] , which significantly improves the performance of the system. The inner current loop can ensure fast dynamic compensation for system disturbances. In addition, the outer voltage control loop guarantees tracking performance of the ac voltage reference, effectively improving the quality of inverter output waveforms.
A variety of control strategies have been proposed for the control of GFI [3] , such as PR control [4] , repetitive control [5] , fuzzy control [6] , and so on. Conventionally, PI controller is the most widely adopted in the industrial applications, since it has the advantages of simple structure and high reliability. However, PI control scheme requires a precise model of the GFI system for reaching the desired performance. Once in the event of load disturbances or system parameters' perturbation, the GFI system with PI controller may exhibit weak dynamic and static characteristics [6] . Therefore, it is difficult to implement a high performance control system just by using a single PI controller. Sliding mode control (SMC) is a nonlinear control method based on the state space, which does not require precise object model [7] [8] . SMC has high robustness to parameter variations and perturbation insensitivity, as well as advantages of fast response and simple physical implementation [9] [10] . The combination of SMC and PI algorithm may give full play to their advantages, and be suitable for practical applications.
This paper takes the rapid development of a three-phase grid-forming micro-source inverter with good stability and robustness as the research purpose. Section II designs SMC+ PI controller for GFI. Then, the model design method is adopted in the controller development, which help implement the whole process from concept design to code implementation. Section III states the rapid development steps of GFI, including simulation evaluation and the way that how to generate Digital Signal Processor (DSP) executable codes directly from the Simulink controller model. Section IV presents hardware experiment validation based on the developed GFI. Finally, the paper concludes in Section V.
II. DESIGN OF DUAL CLOSED-LOOP CONTROLLER FOR GFI

A. Topology of Three -phase GFI
The block diagram of GFI is shown in Figure 1 , including inverter topology, control scheme and LC filter circuit.
The voltage and current dual closed-loop control structure is adopted by GFI. The outer voltage loop is responsible for producing the inner current loop reference based on PI control strategy, which can ensure the amplitude and frequency stability of output voltage. The sliding mode variable structure control strategy is used by the inner current According to the topological structure, the system loop equations across the LC filter can be obtained in the d−q synchronous rotating reference frame. The equations are given as (1) , in which the subscripts d and q represent the d− axis and q−axis components of corresponding variables.
B. Design of Outer Voltage Loop Based on PI Control
The outer voltage loop adopts PI regulation control. In addition, the output current i o is introduced as forward feedback to suppress the impact of load fluctuations on the output voltage. The inner current loop reference value is obtained by adjusting the outer voltage loop, as shown in the following equation.
where k pu and k iu represent proportional and integral coefficients of the voltage loop; u dref and u qref represent input voltage references for Space Vector Pulse Width Modulation (SVPWM) module. L f and C f represent the inductance and capacitance of output filter.
C. Design of Inner Current Loop Based on Sliding Mode Control
In the d-q rotating reference frame, the control target of the inner current loop controller is to track the current reference value generated by the outer voltage loop controller. In order to achieve the control objective, set the sliding surface functions id S and iq S according to (3 Based on (1) and (3), the time derivative of id S can be expressed as ( )
From (4), the d-axis voltage control component d u can be described as (5) . 
Regarding S id and S iq , we select the exponential reaching law [12] , as shown in (8) 
In (8), ε and k are positive real constants. By properly selecting ε and k values, the uncertain parameter disturbance in the system can be well suppressed.
Thus, based on (7) and (8) 
B. Simulation in MATLAB/Simulink
Referring to Figure 1 , build three-phase grid-forming inverter model in Simulink environment. The controller model includes abc-dq transformation subsystem, voltage and current dual closed-loop control subsystem, SVPWM modulation subsystem, which are all translated to control codes automatically by MATLAB soon after.
According to the hardware parameters in the actual experimental platform, the simulation parameters are set the same, so that the codes can be generated from the model finally. Due to the hardware experimental conditions, reduce the voltage level in simulation. The model simulation parameters are shown in Table I . In the simulation, set the fixed simulation step size to 5e-6 and select the discretization solver. To verify the dynamic performance of the controller, the load is switched from a R load of 150 Ω to a RL load at 0.1 s. Figure 2 shows the simulation result of output voltages and current based on the SMC+PI dual closed-loop algorithm. The THD values of voltage before and after the load switching are respectively 1.30% and 1.31%. Although with the load property changing, the dynamic performance of the adopted strategy is good.
Another simulation test of the designed GFI is carried out to verify its sensitivity of parameter perturbation based on the adopted algorithm. Simulation results prove the correctness of the inverter model and control strategies, and then they can be used for controller codes generation.
C. Controller Codes Automatic Generation
The process of codes automatic generation in this paper can be described as following steps [13] . 1) Software in the Loop Test. The function of Software in the Loop (SIL) test is to verify that the generated C codes can perform the identical effect with the original Simulink model.
2) Add the DSP related module in the controller model. F28335 module, ADC module, and EPWM module are needed. Configure DSP hardware module parameters according to the actual application. The number of conversion channels of ADC module is set to 9. The timer period, counting mode and action mode need to be configured in EPWM module.
3) Optimize the generated codes by the MATLAB optimize tool, which is set in the "Code Generation page. It can help improve execution efficiency of the generated codes.
4) Execute the codes automatic generation operation. At the same time, various files are generated, including main program, configuration subroutine of the DSP-related register, algorithm subroutine, header files, and so on.
5) Download the generated codes to DSP, and then, carry out hardware and software joint debugging on the test platform.
IV. INVERTER DEVELOPMENT AND EXPERIMENTAL RESULTS
A. GFI Experiment Platform Development
The hardware parameters of the developed GFI are shown in Table I , which are the same as the simulation settings. Furthermore, the control parameters are exactly identical as the simulation ones because of the application of model design method. Mitsubishi intelligent power module IPM-PS21564 is selected as the power switch, and the switch frequency is set to 10kHz. Current transformers (TBC-15P type) and voltage transformers (HV03-10 type) are used to sample the inverter output currents and voltages as the control feedbacks. The filter of the inverter is LC type. The developed GFI experiment platform is shown as Figure  5 . 
B. Experimental Results
With the same reference voltage and load used in simulation, two groups of experiments are conducted. In Experiment 1, the load type is changed. In Experiment 2, the parameter of the filter is changed. Figs. 6-8 show the experimental results. Figure 6 shows the output voltage and current waveforms of inverter based on the SMC+PI control strategy in response to a load change from Load1 to Load2 (Experiment 1). Because of the mechanical action from circuit breaker, there is a shock at the switching moment. The THD values of the output voltage are 2.33% and 2.35% with the different loads. The experimental results show that the SMC+PI strategy has good output voltage quality and low THD under both load conditions and parameter uncertainty scenario. Moreover, the experiments certify that the development of GFI based on the model design method is effective and simple, which could shorten the development cycle of microsource inverter. 
V. CONCLUSION
This paper accomplished the rapid development of a three-phase grid-forming micro-source inverter. The SMC+PI controller for GFI was designed to enhance the stability and robustness of the inverter system. Model design method was used to shorten the development cycle from simulation to programming. The experimental results showed that the developed GFI with the proposed SMC+PI control strategy perform well under different load conditions and parameter uncertainty scenario.
